In x-ray fluorescence spectroscopy we have observed a positive shift of the Cu La x-ray energy with an increase of the number of excess electrons in the electron-doped Cu-In-Se chalcopyrite-structure thin films. This positive shift can be reproduced well by the energy calculation using the Hartree-Fock-Slater method by taking into account the Cu4s-3d rehybridization effect. We discovered that the excess electrons entered into the lower conduction band dominated by the Cu 4s orbital in the n-type Cu-In-Se thin films deposited by a molecular-beam method.
CuInSe2' which crystallizes in the chalcopyrite crystal structure, has been studied extensively because of its pol tential electro-optical applications. Its optical absorption coefficient is relatively high (l04_lOs cm-I ) and its direct-band-gap energy is approximately 1 eV. The conduction type and resistivity of the CuInSe2 thin films are .highly dependent on the co~position.I It is likely that the change of electronic structure was brought about by the change of the composition. It is of great interest to study the electronic structure of the nonstoichiometric CuInSe2 thin films.
Naturally, stoichiometric CuInSe2 should exhibit semiconducting properties with f/,filled valence band. Selfconsistent band calculations~suggested that the Cu 3d 10 orbital, not its 4s orbital, made up most of the charge in the valence band. The valence band is formed by the Se 4p-Cu 3d hybridization and the antibonding combination forms the valence-band maximum. The Cu 4s orbital is repelled upwards from the valence band to the conduction band. The observed band gap (l eV) could be reproduced by using the Slater exchange with a = 1. 1.
I .
The Cu K:"edge x-ray absorption spectroscopy for the p-type CuInSe2 sample reported the one main absorption maximum and two components at the absorption edge assigned to the electron transitions from the Cu Is level to the Cu 4p level, Cu 4s level, and the top of the valence band.
3 The overlapping of the Cu 4p orbitals, consisting of the higher conduction band (width of 4 eV) located 2 eV above the top of the valence band, with the Cu 4s orbitals made possible the forbidden Is -4s electron transition. By taking into account the observed band gap (1 eV), it becomes clear that the lowest conduction band formed by the unoccupied Cu 4s level widens to 1 eV and is located 1 eV above the top of the valence band.
In both the core-level and valence-band x-ray photoelectron spectroscopy (XPS) of the nonstoichiometric chalcopyrite structure CuInSe2 thin films we obtained results suggesting that the conduction-type conversion from p to n type resulted from the electron injection into the unoccupied states at the top of the valence band and then into the lowest conduction band. 4 The Cu 2p electron spectra of the CuInS~films indicated the feature of 3d 10 electron configuration; a narrow main line without a broad satellite line, positioned at the higher electron binding energy side, due to d 9 electron configuration.. The Cu 2P312 electron binding energy decreased by 0.5 eV with the conduction-type change from p to n type. Holes are located on the d -p antibonding orbitals dominated by the Se p state in the p-type CuInSf ilms. The Cu 2P3/2 electron binding energy of the n-type films was 932.1 eV, identical to each other within experimental uncertainty. XPS.is not sensitive enough to determine the change of the number of the partially injected excess electrons into the Cu site.
The L a and L p x, rays .. are emitted by the 2P3A-3d s12 ,3/2 (Liil-Mv,IV) and 2PtA-3d 3 / 2 (Liil-M 1V ) hole transitions, where the superscript -1 denotes a hole. Since the final states of these x-ray transitions are the valence hole states for Cu, the Cu L x-ray emission spectra must reflect the valence electronic structure, such as densities of staies (DOS) or effective charge on the Cu of CuInSe2' It is well known that the core hole strongly modifies the one~electron approximation energy levels in the ground state through the charge transfer,s however, the charge transfer effect on the energy levels of CuInĩ s not serious..If the Cu core hole pulled down the Cu 3d valence level, the d -p level crossing, for the orbitals having the same symmetry, cannot take place because the filled Se p level is shallower than the filled Cu d level even in the ground state. The change of effective charge on the Cu of CuInSe2 does not cause the change of line shape of the spectrum, but brings about the peak energy shift. Therefore, we can evaluate the electronic structure of the CuInSe2 through the analysis of effective charge on the Cu using the Hartree-Fock-Slater (HFS) approximation with a free-atom mode1.
6
We report that in electron-doped CuInSe2 films the increase of the Cu La energy with the increase of the number of the electrons resulted from the electron injection into the Cu 4s orbitals rehybridizing with the Cu 3d orbitals.
The molecular-beam deposition method is particularly suitable for the precise control of the composition and 46 7911
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-
12 Stoichiometric or nonstoichiometric CulnSe2 thin films can be obtained by molecular-beam deposition in situ. CulnSe2 films, 1.5 /Lm thick, were used in this experiment. The conditions of the CulnSe2 molecular-beam deposition are described in detail else-,where. 12 A.t various substrate temperatures ranging from 670 to 770 K, the films were deposited onto, quartz substrates while controlling ,the temperatures of thr~e elemental effusion cells. Those cells were water cooled and provided with liquid-nitrogen shrouds. The temperatures of the sources were 1400-1450 K for Cu, 1100-1150 K for In, and 400-450 K for Se. The constancy of the beam fluxes was better than 5%. The order of the base pressure in the deposition chamber was I X 10-9 Torr.
The chalcopyrite crystal structure was confirmed by the x-ray diffraction, Raman spectroscopy, and transmission electron microscopy of the films. The composition of the films was determined by both inductively coupled plasma optical emission spectroscopy and electron probe microanalysis (EPMA). By EPMA, the components (Cu, In, and Se) were distributed homogeneously throughout the plane of the films. In this experiment four electrondoped films and one hole-doped film were used as listed in Table I . ' The conduction type of the samples, determined from the Hall measurement, is also listed ' in The samples used iIi this experiment were polycrystalline thin films containing many crystal imperfectiop.s in the grain and the grain boundaries. 12 These crystal imperfections can act as the recombination centers for the charge carriers. The measured conduction type and estimated carrier concentration result from the compensation and recombination processes in the samples. Since the change of electronic structure caused by the change of the composition is a bulk effect, the number of excess electrons depending on the composition becomes an essential parameter rather than both the measured conduction type and carrier concentration for the bulk electronic structure evaluation using x-ray fluorescence spectroscopy. The Cu L x rays were measured using a Rigaku 3070E spectrometer equipped with a Rh anode x-ray tube and a thallium acid phthalate (100) analyzing crystal (2d =25.7631 .A.). The applied power of the tube was 50 kV and 50 mAo Horizontal divergence of soller slit was about 0.05°. Cu metal plate and CulnSe2 thin-film samples adhered to an aluminum disk by double-sided adhesive tape. The Cu metal plate was measured every sample measurement so as to confirm that the peak position of the Cu metal peak was identical. At least ten scannings for each spectrum were taken to ensure reproducibility of the spectra. The 26 scan range was 50.45°-57.25°with 550 channels (90 s per channel). The scan step was 0.01°. Measured spectra were smoothed by the spline function l4 and then numerically deconvoluted using a Lorentzian function of full width· at half maximum eaual to 4.0 eV by the. modified van Cittert . method.1 This data processing removed 50-60 % of the width of the measured spectra and enhanced the x-ray energy resolution. The peak position was determined from the deconvoluted spectrum.
The Cu L x-ray emission spectra of sample c and the Cu metal are shown in Figs. l(a) and l(b), while Table I also gives the peak positions ofthe CulnSe2 samples. The shapes· of the spectra of the CulnSe2 samples were identical to each other, arid indicated a feature of the Cu+ cOD1poun<!s: one band without a satellite at the higher energy side. The spectral shape of the CulnSe2 samples differs from that of the Cu metal. The L p line intensity of the Cu metal is apparently smaller than those of the CulnSe2 samples. This intensity reduction of the Cu metal is due to the self-absorption effect. 16 Since the L m xray absorption edge appears at the higher energy shoulder ofthe L a line, the self-absorption affects the observed x-ray spectrum and we must employ the La energy to discuss the elec,tronic s$!;11cture change of the CulnSe2 samples. . .
v
The jb a energy decreased monotonously with the decrease in the number of the excess electrons (decrease of n-type carrier) in the electron-doped CulnSe2 samples, ,' ,.and increased with the decrease. of the electrons (increase of P7type carrier) in the hole-<!opet:l CulnSe2 sample as shown in Fig. 2 .. The smallest La energy was obtained for the electron-doped samples with the fewest excess electrons. It is reported that the increase of the Cu La x-ray~nergy in the series of Cu+ compounds CU2C-<P~20-CuCI is due to an increased charge on the Cu atomY However, the increase of the La energy in the hole-doped sample cannot be understood as the result of an increased positive charge on the Cu atpm. When the total charge on the Cu atom changes, all the electron levels should shift equally in the ground state and the energy differences between the levels should remain constant. In a free-atom model the La emission corresponds to the hole transition from the (2P3/2 )-1 (3d) configuration to the (3d)-2 configuration for the holedoped CuInSe2 sample. The spectator hole at the finalstate level increases the average energy difference between the initial state and the final state. The HFS (Xa) energy calculation could take into account the partial spectator hole and reproduce the increase of the L emission energy for the hole-doped sample as described later.
The 2P3/~-3ds/2,3/2 configuration interaction is rather simple when the Cu 3d orbitals are filled and. the Cu 4s orbitals, rehybridizing With the .Cu 3d orbitals, are partially occupied as seen in the electron-doped CuInSe2 samples because of the absence of the. spectator hole. However, the partially filled 4s state may complicate the 2P3I~-3ds/2,3/2 interaction through the exchange sod interaction. Therefore, in the analysis of the L a energy shift for the electron-doped samples we must take into account the effect by the partially filled Cu 4s orbitals on the 2P3h-3ds/2,3/2 interaction. The Cu L emission x-ray energies for the various partial electron occupations on the Cu atom are calculated using the X a approximation with a free-atom model and are listed in Table II and shown in Fig. 2 . In the calculation the a was fixed to 0.7 and Slater's transition state theorem was used for calculating the x-ray energy.6 It is found from Fig. 2 that both the 4s electron addition .and the 3d electron removal for Cu+ bring about the' L x-ray energy shift to the higher energy side. The exchange s-d electron interaction resulted in an increase of the L x-ray energy for the electrondoped samples. The calculated values are larger than those obtained experimentally. This.discrepancy between the valu~s of experiment and theory is due to the solidstate effect. The experimental La shift was essentially reproduced well by the theoretical calculations as shown in Fig. 2 . That is to say, the Cu La x-ray energy positive shift reflects the increase of the number of the electrons partially injected into the Cu 4s orbitals in the electrondoped CuInSe2 samples. Therefore, we must take account of the Cu 4s orbital rehybridization effect when we treat the electronic structure of the n-type CuInSe2 ' There is a report on the electron-excited x-ray emission spectroscopy of n-type CuInSe2 grains. 18 Crisp, Haneman, and Chu derived the DOS from the core-valence hole transition lines of the Cu and In of their CuInSe 2 sample, and concluded that the d state is at smaller electron binding energy than the P state in the valence band. X-ray emission spectroscopy does not directly represent the valence DOS, but it is a very complicated process where valence energy-width changes, excitonic effects, and strongly weighted averages of the 3d valence states concur in determining the spectrum intensity. Furthermore, they did not consider the Cu 4s -3d rehybridization effect on the x-ray emission spectra. We have observed the increase of the Cu La energy with the increase of the electron injected into the Cu 4s states for the electron-doped CuInSe2 films. This positive shift could be reproduced well by the x-ray energy calculation using the Hartree-Fock-Slater method taking into account the Cu 4s-3d rehybridization effect. We must take into account the Cu 4s orbital rehybridization effect when we treat the electronic structure of the n-type CuInSe2'
